We have employed x-ray absorption spectroscopy and x-ray magnetic circular dichroism (XMCD) at the Ni and Mn L 3,2 edges in LaMnO 3 /LaNiO 3 superlattices grown along (001) and (111) orientations. Our results show a significant XMCD signal and thus the presence of magnetic moments localized on both Ni and Mn, which are ferromagnetically coupled to each other. X-ray absorption experiments reveal a charge transfer between Ni and Mn which is larger for (111) than for (001) superlattices. These results are compared to theoretical predictions for such superlattices.
I. INTRODUCTION
Transition-metal oxides exhibit a wide variety of remarkable properties such as high-temperature superconductivity, metal-insulator transitions, colossal magnetoresistance, and, more recently studied, magnetoelectric coupling. These properties result from the strong correlation between structural, orbital, and magnetic degrees of freedom. For this reason, transition-metal oxides have long been a major focus of condensed-matter research, and the search for systems with new or enhanced functionalities continues to be highly motivated. One way of tailoring such properties is by constructing artificial systems through the deposition of superlattices [1, 2] . In heterostructures, the interface between two dissimilar materials can lead to properties not present in the component materials, for example, ferromagnetism at the interface between an antiferromagnet and a paramagnet [3] or the two-dimensional electron gas observed at the interface of insulators LaAlO 3 and SrTiO 3 , one of the most heavily studied heterostructures to date [4] . Recently, an interesting exchange bias (EB) effect has been observed in superlattices of LaMnO 3 /LaNiO 3 (LMO/LNO) grown along the cubic perovskite (111) direction [5] . The EB disappears above 30 K, and it is not observed for superlattices grown along (001). The exchange bias effect has been known for a long time in ferromagnetic/antiferromagnetic heterostructures [6] . It is surprising, however, that such an effect is observed in superlattices of LMO and LNO since these systems are antiferromagnetic and paramagnetic in bulk, respectively.
Manganites are widely studied systems, the most famous compounds being La 1−x Sr x MnO 3 and Pr 1−x Ca x MnO 3 . The interest in these systems is primarily due to the colossal magnetoresistance observed at certain doping values, which is associated with a metal-insulator transition driven by ferromagnetic ordering. Another interesting aspect of these systems is the flexibility to tailor the magnetic and transport properties by electron doping or strain [7, 8] . LaMnO 3 is an antiferromagnetic insulator in bulk, but in thin films it often exhibits ferromagnetism, mostly due to strain imposed by the substrate. LaNiO 3 is a paramagnetic metal, but all other members of the nickelate family with smaller lanthanide ions exhibit a metal-insulator transition as a function of temperature [9] and an antiferromagnetic ordering [10] . A metal-insulator transition has also been observed in ultrathin LNO films as a function of thickness [11] . Angle-resolved photoemission measurements of in situ prepared films (through molecular beam epitaxy) show a sharp metal-to-insulator transition upon reducing the thickness from 3 to 2 unit cells [12] . In superlattices of LaNiO 3 /LaAlO 3 , a second-order metal-insulator transition and antiferromagnetic ordering were observed for bilayers with only a two-unit-cell-thick LaNiO 3 layer, while those with four-unit-cell thickness did not exhibit such phase transitions [13] . In these superlattices the role of the interface has been evidenced by x-ray linear dichroism and x-ray reflectivity, which showed a larger orbital occupation anisotropy at the interface compared to the inner layers [14] .
A few experimental investigations have explored heterostructures combining manganites and nickelates [5, [15] [16] [17] [18] [19] [20] [21] . Ferromagnetism that is present only at the interface between LaNiO 3 and CaMnO 3 has been observed by x-ray magnetic circular dichroism combined with polarized neutron reflectometry [16] . Exchange bias has been observed in bilayers of La 0.75 Sr 0.25 MnO 3 and LaNiO 3 [18] (LSMO/LNO) grown along (001) direction.
There were two main theoretical publications following the discovery of the EB effect in LMO/LNO superlattices by Gibert et al. [5] . Using tight-binding calculations, Dong and Dagotto [22] compared three different superlattice orientations and found very little magnetization in the Ni layers for (001) compared to the (111) orientation. The enhanced magnetism in the Ni layers of (111)-oriented superlattices is attributed to quantum confinement of the Ni spin-down bands, which is most effective for this orientation. Lee and Han [23] , on the other hand, found a considerable induced magnetic moment in (001) stacking and concluded that the induced magnetic moment on Ni is proportional to the charge transfer between Ni and Mn at the interface. Indeed, for (001) superlattices large charge transfer has been observed [19] .
Here, we use x-ray absorption spectroscopy (XAS) and xray magnetic circular dichroism (XMCD) as elemental probes of the electronic and magnetic properties of (001) and (111) oriented LMO/LNO superlattices of different periodicities. We observe a ferromagnetic coupling between Ni and Mn. Our results also suggest that different types of magnetic ions, which could be antiferromagnetic or paramagnetic, coexist with those ferromagnetically coupled. A larger charge transfer is found for (111) superlattices compared to (001). 
II. MATERIALS AND EXPERIMENT
LMO/LNO superlattices (SLs) were grown on SrTiO 3 (STO) substrates by off-axis magnetron sputtering. Details on sample preparation and typical structural characterization can be found in Ref. [5] . All superlattices studied here have a terminating top layer of LaMnO 3 . Three periodicities and two crystallographic directions were measured. The periodicities given here correspond to the number of layers along a particular direction, and in each case the number of repetitions was adjusted to achieve a total thickness of around 45 nm. It should be noted that the same number of layers along different growth directions will result in different total thicknesses since the metalmetal planar distance is around 2.2Å for (111) and 3.84Å for (001) orientation. For SLs grown on STO(111) two periodicities were measured: 5/5 and 7/7. The 7/7 SL was grown in exactly the same conditions as the one published in Ref. [5] , exhibiting equally good x-ray diffraction and equivalent EB. For SLs grown on STO(001), a 4/4 periodicity was measured. Throughout the paper, the SLs are identified by the periodicity and growth direction as 5/5(111), 7/7(111), and 4/4(001). Twenty-nanometer-thick films of LMO and LNO grown on STO(111) were also measured under the same conditions for comparison, along with powder samples of NdNiO 3 and NiO.
X-ray absorption measurements were performed at the X-Treme beamline [24] at the Swiss Light Source. The spectra were acquired by measuring the total electron yield (TEY) at 2 K, various applied magnetic fields, and an incidence angle (the angle between the x-ray beam direction and the sample normal) of 60
• . The XAS curves shown are obtained as the sum of spectra measured with left and right circular polarization. The XMCD is defined as the difference between spectra measured with left and right circular polarization. The beamline is equipped with an elliptically polarizing undulator delivering photons with a 98% degree of circular polarization. Therefore, for the sum-rule calculations, there is no need to correct for the degree of circular polarization. Magnetic measurements were carried out in a commercial superconducting quantum interference device (SQUID) magnetometer with the magnetic field applied parallel to the plane of the sample.
The multiplet calculation for Ni 2+ XMCD shown in Fig. 4 (a) was performed as described in Ref. [25] .
III. RESULTS
A. X-ray absorption spectroscopy and charge transfer Figure 1 (a) shows the XAS measured at Ni L 3,2 edges for three SLs, 5/5(111), 7/7(111), and 4/4(001), and the following samples for comparison: NdNiO 3 powder, NiO powder, and a 20-nm LaNiO 3 thin film grown on STO(111). In Fig. 1(a) we see that the La M 4 edge (at 846 eV) overlaps partially with the Ni L 3 edge (at 849 eV), limiting the analysis in this region. Comparing the spectra measured for the LaNiO 3 thin film with the NdNiO 3 powder, we see that both show the double-feature characteristic of Ni 3+ spectra in the metallic phase [26, 27] at the Ni L 3 edge. Note that the valence Ni states considered throughout the paper correspond to nominal valence values. In the spectra measured for the SLs, this feature is not as pronounced, and the single strong peak of 5/5(111) more closely resembles the NiO spectrum. The fact that the LaNiO 3 thin film shows clear Ni 3+ features is evidence that the differences observed in the SLs come from the interface with LMO.
In Fig. 1 (b) we compare the Ni L 2 -edge region for the different samples. This region has no overlap with La edges and shows quite distinct features between Ni 3+ and Ni 2+ . The differences between the SLs and the reference samples becomes clearer in this figure. All SLs show a double feature at the Ni L 2 edge, characteristic of Ni 2+ , but they are by far not as well defined as in NiO, providing evidence of an additional contribution from Ni 3+ . By comparing the spectral features among the three SLs, the one showing spectral features most similar to those of Ni 2+ is the 5/5(111). Complementing the information obtained at the Ni L edge, we plot in Fig. 2 the Mn XAS measured at Mn L 3,2 edges. The spectra for the SLs are compared to a 20-nm-thick LaMnO 3 thin film grown along the (111) direction. From published spectra of Mn XAS on La 1−x Sr x MnO 3 [28] we know that more Mn 4+ character leads to a shift of the XAS spectrum towards higher energies. Comparing the published spectra [28] with our data, we see that the spectrum for 5/5(111) clearly shows more Mn 4+ character than the other SLs, while the Mn spectral features for 7/7(111) and 4/4(001) indicate a valence state between those of LaMnO 3 and the 5/5(111) SL.
From the XAS spectra we can conclude that the SL with Ni spectral features resembling more Ni 2+ also shows more 
Mn
4+ features, which indicates that a charge transfer between Ni and Mn occurs at the interface. This interpretation is also corroborated by the comparison of SLs grown along the (111) direction; the one with smaller periodicity (5/5) and therefore a larger ratio of interface layers to total number of layers shows a larger Ni 2+ /Mn 4+ contribution to the XAS than the SL with larger periodicity (7/7).
Since charge transfer (CT) seems to be an important ingredient in these SLs, we have attempted a quantitative analysis of the XAS to determine the amount of charge transfer between Ni and Mn. Because CT occurs at the interface, the measured spectra can be described by a superposition of two types of ions, the interface ions with large charge transfer with a spectral shape close to Ni 2+ and Mn 4+ and the center or top layers where the nominal valence (Ni 3+ , Mn 3+ ) is mostly preserved. We have used a linear combination of the measured spectra of the two powder compounds, NdNiO 3 (Ni 3+ ) and NiO (Ni 2+ ), to fit the SL spectra measured at the Ni L 2 edge, which is undisturbed by the La M 4 -edge contribution. It should be pointed out that while the assumption that center ions have a spectrum close to NdNiO 3 is quite reasonable, the spectral shape for the interface ions might deviate from that of a total charge transfer to Ni 2+ . However, for simplicity, we assume here that the interface atoms have the same spectral features as Ni 2+ . The comparison between data and the fitting using the two measured spectra of the standard powder samples is shown in Fig. 3 . The amount of Ni 2+ character found is summarized in Table I . The 5/5(111) SL shows a much larger charge transfer than 7/7(111), as already expected from the spectral shape, while 4/4(001) is the SL with smallest amount of charge transfer among all three. The values obtained for the (111) SLs are, within error, identical to the value expected by making the simple assumption of one layer at the interface reduced to Ni 2+ , while for 4/4(001) the value obtained is about half that expected by making the same assumption. It should be pointed out that four layers along (001) have approximately the same thickness as seven layers along (111); therefore, the differences observed cannot be attributed to the limited probing depth of TEY with an electron escape depth in the range of 30 to 50Å [29] .
B. X-ray magnetic circular dichroism and magnetic properties
Figures 4(a) and 4(b) present the measured XMCD at the Ni and Mn L edges, respectively. The region just before the Ni L 3 edge corresponds to the La M 4 edge, which, although noisy, does not show an XMCD signal. In Fig. 4 (a) a simulation of a Ni 2+ XMCD spectra is plotted for comparison. The simulation was done using ligand-field multiplet theory with the parameters published elsewhere [25] .
There are a few important aspects to point out in these figures. The first is that Ni shows a clear XMCD signal for both (111) and (001) stackings. As expected, the thin film of LaNiO 3 shows no XMCD. The second point to notice is that the XMCD has the same sign for both Mn and Ni, demonstrating a ferromagnetic alignment between the two ions. Among the different samples, the only remarkable difference in the Ni XMCD is in its intensity. The Ni XMCD spectral shape remains mostly the same for all SLs, which in turn is very similar to a Ni 2+ XMCD spectrum, as can be seen by comparison with the simulated spectrum plotted in Fig. 4(a) . On the other hand, the Mn XMCD spectral shape shown in Fig. 4(b) changes among the different samples due to the different contributions of Mn 3+ and Mn 4+ to the XMCD spectra. Sum rules [30] [31] [32] have been applied to both the Ni and Mn spectra. Correction factors for the effective spin sum rule due to 2p-3d multiplet effects have been calculated as described in Ref. [33] . The correction factors used were 1.1 and 1.7 for Ni and Mn, respectively. The number of holes used for Ni was 2.5, taken from charge-transfer ligand-field multiplet simulations for Ni 3+ in nickelates [26, 34] . For Mn we used 5.5 holes, which is found in cluster calculations for LaMnO 3 [35] . As pointed out previously, the charge transfer varies among the different SLs, so strictly speaking, the number of holes will also vary accordingly. The number of holes calculated from cluster calculations [35] for Ni 2+ and Mn 4+ is 1.8 and 6.4, respectively. If we were to use those numbers together with the amount of charge transfer found in Table I , the number of holes for Mn (Ni) in the SL would be 5.9 (2.2), 5.8 (2.3), and 5.7 (2.3) for 5/5(111), 7/7(111), and 4/4(001), respectively. The differences in calculated moments would be a 7%-8% larger moment for both Mn and Ni in the SLs. This difference is within the error bars; therefore, we have opted to keep the number of holes fixed between the different samples as a matter of simplicity. The La contribution to the XAS and the noisy region in the same energy range in the Ni XMCD makes the application of sum rules to the full Ni spectrum impossible. Therefore, the integration range for the Ni spectra starts at 847.7 eV. This reduced integration range can lead to an inaccurate moment estimate due to two effects: part of the Ni L 3 -edge XAS might be excluded in the integration range and part of the La M 4 -edge XAS might still be included. In order to estimate which effect is dominating and how large our error might be, we have used the data measured for NdNiO 3 and LaMnO 3 as references of pure Ni and pure La XAS, respectively. We find that the Ni XAS in the SLs is overestimated by about 8% compared to NdNiO 3 due to the inclusion of a small La contribution. This implies an equal relative underestimation of the Ni moment, which is within the error.
The sum-rule results for the total moment (spin plus orbital angular moments) M = m s + m l for Ni and Mn are shown in Table II [38] . In order to estimate the expected Mn moment in the SLs, we can use the amount of charge transfer given in Table I 3.4μ B for all three SLs and therefore are only slightly smaller than that for the LMO thin film. These expected values are still significantly larger than those measured in the 5/5(111) and 4/4(001) SLs, which vary between 0.8μ B and 1.3μ B at 0.5 T and 2.2μ B and 2.4μ B at 6.0 T. For 7/7(111) at 6.0 T the measured Mn moment of 3.15μ B is not too far from saturation.
As discussed previously, the Ni XMCD spectral shape indicates that only Ni 2+ ions contribute to the XMCD. On the other hand, the sum rules will give the moment per Ni considering the total amount of Ni probed. Therefore, in the last column of Table II we have renormalized the Ni sum-rule results by the amount of Ni 2+ character obtained in Table I . The rescaled sum-rule results for Ni vary in the range of 0.24μ B to 0.43μ B at 0.5 T and 0.43μ B to 0.51μ B at 6.0 T. Therefore, even after the rescaling, the Ni moments are only a fraction of the predicted moment of 1.4μ B in La 2 NiMnO 6 double perovskite [37] .
For a better graphical visualization of the sum rule results and their dependence on magnetic field we have plotted in Fig. 5(a) the measured Ni and Mn magnetic moment divided by the expected saturation value of 1.4μ B for Ni 2+ and our measured value of 3.45μ B for Mn 3+ in the LMO thin film. Interestingly, for 5/5(111) and 4/4(001) SLs the Ni and Mn moments measured at 6 T are significantly larger than those for 0.5 T, indicating that even at 0.5 T, which is far above the coercive field of about 10-100 mT, the sample is not completely saturated. For 7/7(111) the Mn moment still increases with the applied field above 0.5 T, while Ni is approximately the same. The increase of moment with applied field is also clearly seen in the magnetization curve for 5/5 (111) plotted in Fig. 5(b) .
XMCD in remanence was also measured (not shown). For 7/7(111) SL we measure a moment of 0.7μ B for Mn and 0.05μ B for Ni. For 4/4(001) and 5/5(111) the remanent magnetization is very small, and sum rules are not reliable. By comparing the XMCD magnitude among the three SLs, we can estimate that for 4/4(001) the remanent moment for both Mn and Ni is approximately 8 times smaller than that measured for 7/7(111) in remanence, while for 5/5(111) the Mn moment is around 6 times smaller than for 7/7(111) in remanence and the Ni XMCD is almost within the noise.
In order to check if the T c for both Ni and Mn are the same, we have measured the temperature dependence of the XMCD signal for both Mn and Ni in the 7/7(111) SL. The result is plotted in Fig. 6 and is compared to SQUID magnetometry measurements taken in the same sample under similar conditions. The XMCD signal was measured while slowly increasing the temperature. Spectra with better statistics at 2 and 40 K were measured in order to apply sum rules and scale the XMCD intensity curves at these points. The absolute uncertainty of the data in Fig. 6 corresponds to errors of the sum-rule calculation. The temperature dependence is very similar for Ni and Mn, demonstrating that they are coupled to each other and exhibit the same T c . However, the value of the total magnetic moment obtained from XMCD is smaller than that measured by bulk magnetization. One possible explanation is that the magnetic moment in the upper layers of the SL is smaller than that in the bottom layers.
IV. DISCUSSION
Our XAS measurements show that for SLs along the (111) orientation an increased charge transfer is observed for the 5/5 (111) SL compared to 7/7 (111), which indicates that CT between Ni and Mn takes place at the interface, in agreement with theoretical models [22, 23] . Significant charge transfer at the interface was also observed in LSMO/LNO [18] bilayers and in LMO/LNO SLs along (001) [19] . Therefore, it seems to be a universal effect that the nominal valences of Ni 3+ [37, 39] . As for the dependence of CT on the growth direction, the 7/7(111) and 4/4(001) SLs make a good comparison since their total layer thicknesses are approximately the same. Comparing these two SLs, we find that the CT obtained for the (001) orientation is smaller than that for (111) orientation (Table I) , which is consistent with the reduced ratio of Mn-Ni/Mn-Mn (or Ni-Mn/Ni-Ni) nearest neighbors for the interfaces along (001) compared to those along (111), which is 1/5 and 3/3, respectively.
The charge-transfer values obtained are quite comparable to those predicted. For an LMO/LNO 2/4(001) SL, Lee and Han [23] calculated that the charge transferred to Ni is 0.26 electron. Dong and Dagotto [22] found that 0.3 electron is passed from Mn to Ni for a SL with two Ni layers, and this value is the same for all SL orientations. We find the transfer of 0.23(5) electron for 4/4(001), 0.42(5) electron for 5/5(111), and 0.3(5) electron for 7/7(111) (see Table I ), in the same range as the predicted values.
As for magnetism, our results show that both Ni and Mn present a net magnetic moment, and for both (111) and (001) SLs the coupling of the net moment between these two ions is ferromagnetic, as expected from Goodenough-Kanamori rules for a Ni 2+ -Mn 4+ configuration [40] . This result is again similar to La 2 NiMnO 6 double perovskite, for which ferromagnetic coupling between Ni 2+ and Mn 4+ due to superexchange is predicted and observed [37, 39] . In addition, our results show that Ni and Mn have the same T c and follow the same behavior of magnetization as a function of temperature, as seen in Fig. 6 .
Here, we would like to discuss the quantitative agreement of the proposed models for the magnetic structure with our results. All models available in the literature [5, 22, 23] propose an oscillatory Ni magnetic structure, with antiparallel moments of decaying magnitude as the distance from the interface increases. X-ray absorption spectroscopy cannot give definite proof of this oscillatory structure. However, it is possible to compare the net moments measured here with those resulting from the proposed model. The other members of the nickelate family [10] exhibit true antiferromagnetic ordering. Such an ordered structure is, of course, stable in an applied field of 6 T, and therefore, no XMCD signal can be measured. For the existence of exchange bias, the presence of pinned moments at the interface, which do not rotate under a moderate applied field, would be expected, as proposed in the model of Gibert et al. [5] . It is not clear what the influence of the magnetic field would be in the models of Lee and Han [23] and Dong and Dagotto [22] , namely, if the oscillatory Ni structure would be frozen or if the Ni moments would cant in the direction of the applied magnetic field. If the magnetic structure should be preserved, then none of the models can describe our results in terms of absolute values since the predicted net Ni moment per Ni atom is in the range of 0.02μ B and therefore is far too small compared to our results. On the other hand, the Ni moment at the interface layer is in the same range as the scaled Ni moment measured here and is ferromagnetically coupled to the Mn interface layer. For example, Lee and Han [23] found 0.3μ B to 0.4μ B for the Ni moment at the interface for a LMO 2 /LNO 4 (001) SL, and Dong and Dagotto [22] found 0.12μ B to 0.3μ B for the Ni moment at the interface of a (111) SL. In the model of Dong and Dagotto, the induced Ni moment for a (001) SL is < 0.1μ B ; therefore, it is much smaller than for the (111) orientation. Comparing the Mn moment magnitude measured here with those predicted in the literature, the values we obtain for 5/5(111) and 4/4(001) are lower than predicted since all calculations find a moment for Mn [5, 22, 23] that is close to saturation.
We now turn our attention to the field dependence of the magnetic moment. For Mn, all SLs show an increase in the magnetic moment above 0.5 T, which is already far above the coercive field of 10-100 mT. At 6 T, the Mn moment in 7/7(111) is close to saturation, while for the 4/4(001) and 5/5(111) SLs it is still 70% from saturation. Moreover, the remanent moment for the 7/7(111) SL is considerably larger than that for the 5/5(111) and 4/4(001) SLs. These different behaviors at high field for SLs with small and large periodicities seem to indicate different behaviors for Mn moments at the interface compared to moments in the inner layers. Pinned Mn moments at the interface would explain the fact that the saturation moment is not achieved, but they would not explain the linear dependence on the field. It seems more likely that this linear dependence comes either from moments which are weakly antiferromagnetically coupled or from paramagnetic moments. Rojas Sánchez et al. [18] also found indications for different behaviors of interface ions versus inner ions in LSMO/LNO bilayers.
The behavior of the Ni moment as a function of field also shows some interesting results. In Fig. 5 , it is observed that at 6.0 T the Ni moment is between 30% and 40% of saturation and therefore much lower than M/M sat for Mn. Moreover, for 5/5(111) and 7/7(111), the Ni moment does not seem to change much between 0.5 and 6.0 T, which is also noticeably different than the result for Mn. Therefore, the Ni moment on the (111) SLs will never reach the moment of 1.4μ B predicted for Ni 2+ in La 2 NiMnO 6 . There are a few possible explanations for this small moment. One possibility is that the Ni-induced magnetic moment at the interface is small in magnitude. But if this moment is induced by Mn, it should also follow the same behavior as a function of applied field, which does not seem to be the case. The other possible explanation is that there could be canceled moments due to either a true antiferromagnetic (AF) coupling or disordered pinned moments. The oscillatory Ni structure proposed in the model of Gibert et al. [5] could also be the origin of these canceled Ni moments. On the other hand, the 4/4(001) SL exhibits a larger rate of increase of the Ni moment versus field. This indicates that the Ni moments are not very strongly pinned in the (001) SL and possibly have a larger component of paramagnetic or weakly coupled antiferromagnetic moments which are canted under applied field. Our results therefore suggest that in addition to Ni-Mn ferromagnetism at the interface, there is likely a Ni-Ni AF coupling or disordered pinned moments in the (111) SLs. For 4/4(001) SL there seems to be weak AF or paramagnetic Ni ions since this superlattice shows a linear increase of the Ni moment with field. The existence of canceled moments (coming either from strong AF coupling or pinned moments) in the (111) SL and not in the (001) could explain why the EB is observed in one orientation but not in the other.
The proposed mechanism for the origin of the Ni magnetism is somewhat different in the two most recently published models by Lee and Han [23] and Dong and Dagotto [22] . Lee and Han propose that the Ni moment is purely proportional to the charge transfer, while Dong and Dagotto predicts it is due to quantum confinement and therefore larger in the (111) SL than in the (001) SL and, moreover, independent of charge transfer. Our measurements at 0.5 T show that the Ni moments for 7/7(111) and 5/5(111) are larger than that for 4/4(001). At 0.5 T we also see no scaling of magnetic moment with charge transfer since the rescaled Ni moments plotted in Fig. 5(a) are different among the three SLs. These results seem to agree with the predictions from Dong and Dagotto. On the other hand, at 6.0 T when the moment for 4/4(001) is larger, the Ni moment scaled by the Ni 2+ character is very similar for all SLs, showing that in this high-field regime the moments do not depend on the growth direction and scale with the CT, as proposed by Lee and Han. Therefore, at this stage we cannot say that a single model can completely explain all of our results. It rather seems that all of them have important contributions but some ingredients are still missing. For example, it would be interesting to know what the predicted field dependence of the Ni moments is for the different superlattices and also what the effect of the interface is on the Mn moments.
V. CONCLUSION
We have studied the charge transfer and magnetism of Mn and Ni for LMO/LNO SLs with different periodicities grown along the (001) and (111) directions. Our results show (i) clear charge transfer between Ni and Mn at the interface, (ii) increased charge transfer for (111) SL compared to (001), (iii) a clear ferromagnetic coupling governing the net magnetic moments of Ni and Mn, and (iv) an indication of the coexistence of another type of magnetic ion. For Mn there could be a coexistence of ferromagnetism with weakly AF or paramagnetic moments since a linear increase of magnetization in high applied field is observed. Similar behavior is observed for Ni in 4/4(001). For Ni in the (111) SL, the presence of strong AF coupling or disordered pinned moments would be consistent with the reduced moment measured. Even though some results agree well with theoretical predictions, there are still a few points that are not properly explained by the current models. We therefore hope that these results will help in further improving the current theoretical models available for describing the magnetic and electronic structures at the interface of these complex and interesting SLs.
